Introduction
Is the speed of convergence -the rate at which income approaches its steady state relative to its distance from its steady state -constant? To date, the cross-country empirical literature has started from the assumption that it is. Conventional wisdom holds that developing countries' per capita income converge towards their steady state level at a constant rate of two percent per year. Alternate empirical methodologies suggest either higher or lower constant rates. But there is no theoretical reason to believe the speed of convergence is constant. On the contrary, linearizing a multiple sector model of capital accumulation around its steady state suggests that the speed of convergence will decrease as economies develop. Indeed, the difficulty calibrating a Ramsey-Cass-Koopmans growth model to avoid such a decreasing speed of convergence has served as the basis for rejecting the adequacy of neoclassical models of capital accumulation to describe economic development (King and Rebelo, 1993) .
Generalizing the cross-sectional empirical growth speciÞcation to allow for a varying convergence speed, the present paper argues that the speed of convergence is not constant; but nor is it decreasing as predicted by a linearization. Instead, the empirics suggest that the speed of convergence increases as an economy grows towards its steady state. All else equal, poor economies grow quicker than rich ones; but the poor economies' faster growth is less than proportional to their extra distance from their steady state.
The centrality of transitional dynamics within the neoclassical growth framework of capital accumulation underscores the importance of empirically describing how convergence speed behaves. The welfare implications of transitional dynamics may seem to be swamped by the welfare implications of the determinants of productivity and technology. But for poorer countries not on the technological frontier, the distinction between capital accumulation and technological development is arbitrary: technology can be interpreted as just another type of capital to be accumulated. Such an interpretation suggests that models of capital accumulation should be able to more successfully capture development phenomena than previously thought. Kremer and Thomson (1998) , for instance, introduce complementarity among different types of capital to slow the speed of convergence. Similarly, Rappaport (2000b) introduces a capital adjustment cost more convex than the typical quadratic speciÞcation to achieve a reasonably accurate calibration of the Ramsey-Cass-Koopmans model.
A second motivation for the present paper is to better understand what we learn from cross-sectional growth regressions. With a constant convergence speed, regressing country growth rates on initial per capita income and a vector of exogenous country attributes allows for a structural interpretation of the coefficients on the latter. For example, the common Þnding of a statistically signiÞcant, positive coefficient on various measures of education can be interpreted as implying a positive correlation between education and steady-state per capita income. The partial correlation of education with growth comes only because controlling for initial income, countries with higher levels of education are further below their steady-state level of income. But if the speed of convergence varies, the structural interpretation breaks down: a positive correlation between education and per capita income growth need not imply a positive correlation between education and steady-state per capita income. By excluding initial income as a conditioning variable in cross-sectional growth regressions, coefficients on exogenous variables can more sensibly be interpreted as measuring changes in underlying structural relationships.
The paper proceeds as follows: Section 2 formalizes some language for discussing a varying speed of convergence and then reviews past research efforts to measure a constant convergence speed. Section 3 brießy lays out the theoretical case that we should expect the speed of convergence to vary. Section 4 nests a constant speed of convergence in an empirical speciÞcation which allows convergence speed to vary. While the null hypothesis of a constant convergence speed cannot be rejected, nonlinear-least-squares point estimates from each of three different speciÞcations Þnd the speed of convergence to increase from less than 1 percent per year for a country with income far below its steady-state level to above 4 percent per year as a country approaches its steady state. The Þnding of an increasing speed of convergence is robust in the sense that the likelihood surface is smooth with respect to the coefficients parameterizing the speed of convergence; and large swathes of the parameter space characterized by an increasing convergence have a likelihood above the constant-convergence-speed level. Section 5 concludes.
Background: The Speed of Convergence
A natural starting point is to formally deÞne the speed of convergence:
Λ (log y (t) − log y * (t)) ≡ − d dt (log y (t) − log y * (t)) log y (t) − log y * (t)
Here, the numerator measures the rate at which income, y(t), moves towards its contemporary steady-state value, y * (t). The denominator measures the distance of income from this steady-state. As deÞned, the speed of convergence will be positive so long as income is indeed moving towards its steady state.
Consider the special case where the speed of convergence does not depend on income's distance from its steady state:
Λ (log y (t) − log y * (t)) = λ
Substituting the deÞnition for the speed of convergence and rearranging gives, d dt (log y (t) − log y * (t)) = −λ (log y (t) − log y * (t)) (2a)
d dt y (t) y (t) = −λ (log y (t) − log y * (t)) + 
The Þrst of these forms, (2a), also emerges from the linearization of a one sector neoclassical growth model around its steady state. The latter form, (2b), structurally underlies most cross-sectional growth regressions. Assuming log y * to be measured by x 0 β, a linear combination of exogenous attributes, then by regressing growth rates on initial income and a vector of such attributes, a constant speed of convergence will be measured by the coefficient on initial income (making an adjustment for the fact that the above equations hold in continuous time whereas cross-sectional growth empirics are based on discrete time observations).
Considerable effort has gone into measuring such a constant speed of convergence. A Þrst main result is that failure to control for attributes which vary across countries and hence which may imply different steady states leads to non-signiÞcant estimates of λ: looking across countries, we do not see unconditional income convergence (Barro, 1991; Barro and Sala-iMartin, 1992, 1995; Sala-i-Martin, 1994) . But after controlling for a small set of country attributes (e.g., education levels, life expectancy, market distortions), λ is usually estimated in the neighborhood of 0.02. Hence the conventional wisdom that countries converge towards their steady-state income levels at a roughly 2 percent annual rate.
Several methodological problems, however, caution against inferring the magnitude of a constant convergence speed from the coefficient on initial income. Such problems include the failure to control for unobservable country attributes, the endogeneity of conditioning regressors, mismeasurement of initial income, and Þnite sample bias (e.g., Ades and Glaeser, 1994; Islam, 1995; Caselli, Esquivel, Lefort, 1997; Evans, 1997; Quah, 1997) . In an effort to address some of these, Islam (1995) and Caselli, Esquivel, Lefort (1997) suggest a panel data methodology which yields estimates of λ in the range of 0.04 to 0.10. As with the conventional wisdom, however, the panel methodology starts from the assumption of a constant convergence speed. Alternative methodologies proposed by Evans (1997) and Lee, Pesaran, and Smith (1998) allow the speed of convergence to differ across economies but continue to impose that these different speeds remain constant along transition paths. The present author is unaware of any research which explicitly tests whether economies' speed of convergence remains constant.
A more general critique of conditional convergence is that it imposes no behavioral restrictions on cross-country growth data: for any pattern of growth among countries, there exists a set of assumed steady-state income levels which can "explain" the growth as arising from conditional convergence (Durlauf and Quah, 1999) .
Neoclassical Theory: The Speed of Convergence Varies
Given its importance to cross-sectional growth empirics, an identifying assumption that the speed of convergence is constant might be expected to derive from neoclassical growth theory.
On the contrary, neoclassical growth theory has tremendous difficulty admitting a constant convergence speed; instead, most calibrations of neoclassical growth models suggest that the speed of convergence is high for economies far below their steady states and then decreases as economies develop. For many calibrations, the growth rates predicted for developing economies are simply implausible.
Of course, "difficulty" in calibrating a neoclassical growth model to match a constant speed of convergence is not the same as "impossibility". On the contrary, Rappaport (2000b) shows that introducing a convex, increasing average adjustment cost to gross capital investment allows the neoclassical model to admit a constant and even an increasing speed of convergence.
1 The point is, neoclassical theory in no way implies a constant convergence speed.
One way by which neoclassical theory falsely might seem to imply a constant convergence speed is linearizing a growth system around its steady state in the very special case in which there is only a single state (i.e., "non-jumping") variable. Such a linearization indeed suggests that income grows at a speed proportional to its distance from its steady-state level and hence that the speed of convergence is constant. But as soon as we allow for a growth system in which there are multiple linearly independent state variables (e.g. physical and human capital), linearizing around the steady state suggests that the speed at which any of the state variables converges towards its steady state will be decreasing as countries develop.
(See Appendix A; a similar point is made by Eichner and Turnovsky, 1999.) This last result should not be interpreted as suggesting that the actual speed of income convergence decreases as countries develop. Rather it cautions against using linearizations to describe behavior of growth systems away from their steady state. Rappaport (2000a) , for instance, shows that extending the neoclassical framework to allow for labor mobility causes the speed of convergence to vary widely in a neighborhood very close to the steady state; the asymptotic speed of convergence turns out to be essentially irrelevant for describing the system's behavior. 
Empirics: An Increasing Speed of Convergence
The empirical analysis begins by specifying a ßexible functional form which allows the speed of convergence to be either constant or varying. Numerical examples of the growth rates implied by "high" and "low" constant convergence speeds are then compared to the actual growth rates experienced by some selected nations. A heuristic argument is made that even the highest actual growth rates experienced by relatively poor nations are well below those predicted by a high constant convergence speed. Conversely, the high actual growth rates experienced by numerous moderate income nations are well above those predicted by a low constant convergence speed. The section then proceeds to a more formal estimation of the ßexible functional form using several different ways to estimate steady state income. While all point estimates indicate an increasing speed of convergence, a constant speed of convergence cannot be rejected. A last subsection, however, argues that starting from neutral priors, the posterior odds strongly support that the speed of convergence is increasing.
2 The "second" capital good most obviously corresponds to human capital, which is usually included as an independent variable in cross-sectional growth regressions. More expansively, the intangibles in which a society collectively invests such as "technology" and "rule of law" also can be interpreted as capital goods.
Of course, including endogenous capital goods as controls in growth regressions causes econometric problems.
A Flexible Functional Form
To nest the possibility of a constant speed of convergence within a more general framework,
The speed of convergence is assumed to be characterized by,
This implies a growth rate,
The speed of convergence for a country far below its steady state is measured by λ p while the speed of convergence for a country close to its steady state is measured by λ r . Intuitively, these correspond to the speed of convergence when "poor" and "rich", respectively. (Where "poor" and "rich" describe a country's output relative to its steady state level.) The rate at which the speed of convergence transitions from λ p to λ r , is measured by κ > 0.
Note that there is no theoretical basis for assuming the data generating process underlying country development can be characterized by (3). Rather, the main advantage of (3) is its ßexibility. In the special case where λ p = λ r , (3) reduces to (1) with λ as above measuring a constant speed of convergence everywhere. More generally, λ p > λ r captures a speed of convergence which decreases as income approaches its steady state and λ p < λ r , a speed of convergence which increases as income approaches its steady state. The implied sign convention is summarized in Table 1 .
The parameter κ introduces even greater ßexibility. As κ decreases to zero, λ p applies only to countries with essentially zero output. Conversely, as κ increases without bound, λ r applies only to countries which are asymptotically approaching their steady state. In fact, an unbounded κ makes (3) too ßexible for the purposes of estimation. For countries neither completely destitute nor immediately adjacent to their steady state, an approximately constant convergence speed, λ, is equivalently described by λ p and λ r both close to λ (regardless of the value of κ); by λ p close to λ and κ large (regardless of the value of λ r ); and by λ r close to λ and κ close to zero (regardless of the value of λ p ). To avoid such indeterminacy and so insure that λ p not equal to λ r actually meaningfully implies a varying convergence speed, the estimation below constrains κ to lie in the interval [1, 5] .
A second advantage of (3) is its relative parsimony. Two parameters, λ p and λ r , are the minimum necessary to allow a speed of convergence which can vary. The third parameter, κ, is necessary to avoid imposing a rigid functional form on convergence speed transitional dynamics. In the interest of parsimony, (3) is speciÞed so that the speed of convergence is symmetric with respect to income's distance from steady state (i.e. the absolute value in the exponential term). But it is easy to imagine that a more accurate representation would allow the behavior of the speed of convergence to depend on whether income is below or above its steady state.
A third advantage of (3) is its relative stability. The implied growth rate, (4), turns out to be highly nonlinear with respect to the parameters determining log y * . But with sufficient computational power, the parameters λ p , λ p , and κ in (4) can be estimated. Alternative candidate descriptions of transitional convergence speed behavior proved to have even greater instability and so could not be estimated. 
Heuristic Argument
To get a more intuitive sense of magnitude, Figure 1 shows speeds of convergence and implied growth rates under alternative assumptions for the values of λ p , λ r , and κ in (3). The bottom locus in each of the panels corresponds to a "low" constant speed of convergence of 2 percent per year (the conventional wisdom value). The top locus in each of the panels corresponds to a "high" constant speed of convergence of 10 percent per year (the value estimated by Caselli, Esquivel, and Lefort, 1997) . The loci in between these low constant and high constant time paths correspond to a speed of convergence which varies from the former to the latter. Thus for both of these middle loci, λ p = 0.02 and λ r = 0.10. The middle loci differ in how quickly the speed of convergence transitions from λ p to λ r as calibrated by κ. The upper middle locus shows the gradual transition implied by κ = 1 while the lower middle locus shows a "delayed" but then more rapid transition implied by κ = 5.
As shown by the top locus in Panel B, a high constant speed of convergence implies growth rates for nations poor relative to their steady state which seem "too high". With an 10 percent constant speed of convergence, a nation with income 10 percent its steady state 3 For instance, Λ = (λ p · (log y − log y * ) − κλ r )/((log y − log y * ) − κ). (Rappaport, 2000b) level would be expected to grow 23 percentage points per year faster than a nation already at its steady state. For a nation with income 20 percent of its steady-state level, the additional expected growth would be 16 percentage points per year.
To allow for comparison against such benchmark growth rates, let the level and growth rate of per capita income in the United States proxy for all nations' steady-state income and rate of technological progress. The economy which comes closest to sustaining a highconvergence-speed growth rate is Singapore over the period 1966 to 1975 during which time its per capita income grew 9.5 percentage points higher than that of the U.S. starting from an initial income 17 percent the U.S. level. Next closest is Japan over the period 1955 to 1964, with an average annual rate of per capita income growth 6.9 percentage points higher than that of the U.S. from an initial relative income 21 percent the U.S. level. In addition, a handful of nations with initial incomes between 10 and 15 percent the U.S. level have been able to sustain Þve-year (or longer) average annual growth rates between 6 and 7 percentage points faster than that of the U.S. including South Korea (1968 Korea ( -1974 , Taiwan (1969 -1974 ), Brazil (1970 -1975 ), and Thailand (1986 -1992 .
4
Even these "success" stories, however, fall far short of the predicted growth rates with a a 10 percent constant speed of convergence. Interpreting actual growth rates as draws from some random distribution, the expected growth rates for poor nations should fall somewhat below these highest observations. Observed growth rates would therefore seem to place an upper bound on the speed of convergence for poor nations well below 10 percent.
Alternatively, one can argue that we never observe countries at income levels far below their steady state. If in fact the high-growth countries just listed have steady state per capita income levels signiÞcantly below that of the United States, the heuristic argument against a high constant speed of convergence fails. However, as discussed in the previous section, the very notion of a "steady state" is subject to ambiguity given arbitrary assumptions distinguishing exogenous from endogenous forces. In the present case, arguing that Singapore in 1966 or Japan in 1955 had steady state income levels signiÞcantly below that of United States given their contemporary economic conditions does not make sense. The subsequent growth by these countries to per capita income levels approaching that of United States surely belies the fallacy of taking their contemporary economic conditions as given. Instead, contemporary observables which can be interpreted as suggesting low steady state incomes are more likely to be indicative of low current incomes.
Equally evident from Figure 1 Panel B is that for nations which are even moderately close to their steady state, the growth rates implied by a low constant speed of convergence seem "too low". With a 2 percent constant speed of convergence, a nation with income 50 percent its steady-state level would be expected to grow only 1.4 percentage points per year faster than a nation already at its steady state. For a nation with income 60 percent of steady state, the additional growth would be only 1.0 percentage points per year.
In contrast, numerous countries with initial incomes between 50 and 60 percent the U.S.
level have been able to sustain Þve-year or longer average annual growth rates from 3 to 6 percentage points faster than that of United States including Venezuela (1951 -1958 ), West Germany(1954 -1962 , Denmark (1955 Denmark ( -1962 , France (1956 -1961 ), Finland(1967 -1974 , Iceland (1970 Iceland ( -1978 , Trinidad and Tobago (1973-1980) , the Bahamas (1977 -1983 ), Hong Kong (1978 -1984 ), and Singapore (1985 -1992 . So many potential counterexamples are unlikely to be explained by chance. Assuming these countries have steady-state income levels below that of United States only worsens the Þt of a constant 2 percent speed of convergence. 
Empirical Implementation
To test the null hypothesis of a constant speed of convergence, I use cross-country data to estimate the nonlinear equation,
The term, β 0,t +x 0 i,t β, is assumed to measure steady-state income, log y * i,t . The time subscript on steady-state income captures, Þrst, that this is growing by the rate of exogenous technological progress,
, and second, the possibility of exogenous changes in the country attributes, x i,t , which determine steady-state income. Imposing additional structure on (5) so as to minimize the number of coefficients which must be estimated, the level intercept term, β 0,t , is assumed to be linked across time by technological progress,
Finally, I assume the intercept term, ε i,t , is independent in cross sections but allow for a country random effect when estimating standard errors using stacked cross sections.
An alternative explanation which reconciles such examples with a slow constant speed of convergence is that these countries have steady-state income levels signiÞcantly above the contemporary U.S. level. Such an explanation would seem plausible only if U.S. income itself were below its steady-state level; if so, U.S.
growth over the respective periods would largely be due to convergence rather than technological progress. 6 Note that this restriction does not necessarily follow from neoclassical theory: to the extent that technological progress implies capital deepening, the growth rate of steady-state income may exceed that of actual income. Barro and Lee (1994) . Remaining "exogenous" variables are from Bloom and Sachs (1998) .
The speciÞcation, (5), corresponds exactly to a discrete time implementation of (4) with λ p ,λ r , andκ as the discrete time analogs of λ p , λ r , and κ. When λ p equals λ r ,
For λ p not equal to λ r , however, no such formula links the discrete and continuous time convergence coefficients. Hence caution is warranted in using the point estimates reported below to calibrate a continuous time model.
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The Þt of (5) as measured by the sum of squared residuals is highly nonlinear with respect to the coefficients, β, so that estimation is greatly facilitated by a parsimonious set of country attributes, x i,t .
As summarized in the Þrst column of Table 2 , a Þrst "standard" speciÞcation controls for varying country steady-state incomes using average secondary education, life expectancy at birth, and the percentage of a country's population residing between the 20
• North and 20
• South latitude bands. Variations on the Þrst two of these tend to be included in the base speciÞcation of most cross-sectional growth regressions. The latitude variable is included because of a relatively high marginal contribution to explanatory power.
Returning to the methodological issues discussed in the background section above, a
Þrst problem estimating (5) using the standard speciÞcation is the potential endogeneity of the conditioning variables. For the most part, the concern has been of a reverse causal link from income growth to any of the "ßow" conditioning variables (i.e. right-hand-side variables which can "jump", such as life expectancy). The most common approach to control for such endogeneity is to instrument using lagged values. Of equal concern, however, is the potential for a reverse causal link from the current income level to any of the "stock" conditioning variables (i.e., right-hand-side variables constrained to a Þnite time derivative). To the extent that an included right-hand-side stock variable is a normal good, its level will increase with income; education and public capital seem obvious examples. The persistence of stock variables along with optimization by forward-looking agents rule out using lagged values as instruments.
Estimating steady-state income using variables for which the main direction of causality is from the level of current income to the level of the variable may cause countries to appear falsely close to their steady states. To see this, suppose an underlying data generating process characterized by an increasing speed of convergence (λ p < λ r ). For a cross section of countries with different current incomes but all sharing the same steady-state income, including in x i,t a variable which depends positively on the level of current income provides exactly the mechanism by which (5) can incorrectly Þnd that λ p = λ r . Let k 2 be a function f (·) of current income y. For a country with current income y r close to its steady-state level y * , f −1 (k 2 (y r )) will reasonably accurately measure steady state income. But for a different country with current income y p far below an identical steady-state-level, f −1 (k 2 (y p )) will falsely measure a low steady state income. For a country growing at rate γ, the closer it is estimated to be to its steady state, the higher will be its estimated speed of convergence, Λ.
So (5) will tend to estimate that the "poor" country is converging at rate b λ p > λ p towards f −1 (k 2 (y p )) and that the "rich" country is converging at rate b λ r ≈ λ r towards f −1 (k 2 (y r )).
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Endogeneity in levels suggests estimating (5) using time invariant country attributes as controls. As summarized in Table 2 Column 2, a second "exogenous" speciÞcation controls for varying country steady-state incomes using the percentage of a country's population living within 100 kilometers of an ocean coast, living in moderate climate zones, living between the 20
• South latitude bands as well as the logarithm of the distance from the country's capital city to the nearest of Rotterdam, Tokyo, or New York.
9
A great advantage of the exogenous speciÞcation is that it allows for regressing the current level of income on the exogenous attributes without the possibility of reverse causality. Assuming that deviations of countries' current income from its steady-state level is randomly distributed, such a "level" regression directly estimates the structural determinants of steady-state income. Such level estimates can then be used to impose behavioral restrictions when estimating (5).
An alternative strategy of addressing the endogeneity in levels is to estimate (5) without controlling for any country attributes (other than initial income) but limiting the observed growth rates to those of countries which might reasonably be believed to share the same steady-state income level. This third "unconditional" approach is implemented using the OECD nations as of 1973 less Greece and Turkey.
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Regardless of speciÞcation, a remaining problem estimating (5) is the failure to control for unobserved country effects. Caselli, Esquivel, Lefort (1996) argue that (5) be augmented 8 On the other hand, control variables may depend more on steady-state income than on current income,
Including endogenous variables of this type as controls for the purposes of estimating λ p and λ r may be desirable.
9 These variables are drawn from Bloom and Sachs (1998) . The temperate climate zone designation is based on the Koeppen Geiger classiÞcation system. In particular, it combines the temperate dry summer, temperate without dry season, and cold without dry season zones (designated "cf", "cs", and "df" respectively). For a further description, see www.fao.org/waicent/faoinfo/sustdev/EIdirect/climate/EIsp0002.htm. 10 Including Greece and Turkey, relatively poor OECD nations which experienced slow growth, strengthens the increasing speed of convergence results reported below.
to include in addition to
and ε i,t , a country-speciÞc intercept term η i . 11 Then with a constant speed of convergence (λ p = λ r ), theλ estimate ofλ will be biased towards zero.
Without disagreeing with the validity of this problem, herein it is simply assumed that conditioning regressors fully account for all cross-country variation in steady states so that the residual, ε i,t , indeed satisÞes the necessary orthogonality condition.
Results
For each of the three speciÞcations, I run an OLS "level" regression of per capita income on the various attributes (including appropriate time dummies), an OLS growth regression of per capita income growth on the various attributes conditional on initial income, an OLS growth regression of per capita income growth on the various attributes excluding initial income, and an NLS estimate of (5). Results are reported in Tables 4 (standard speciÞcation) , 5
(exogenous speciÞcation), and 6 (unconditional speciÞcation). Table 4 Column 3 reports the results from regressing per capita income growth on the standard controls while excluding initial income. Such a speciÞcation removes any justiÞca-tion for interpreting coefficients as measuring steady-state structural relationships. But to the extent that a right-hand-side variable is indeed exogenous, the coefficient on it can be There is no reason to expect these two partial correlations to be similar. Which of course suggests that the coefficients from the two speciÞcations are measuring the same underlying relationship. Table 4 Column 4 reports the nonlinear least square estimates of the structural coefÞcients in (5) using the standard speciÞcation set of controls. Because the sum of squared residuals from (5) is highly nonlinear with respect to the coefficients, a computationally intensive modiÞed grid search is used. Doing so requires bounding above and below the range 12 The OLS regression does not allow for separate identiÞcation of the rates of technological progress,
Standard SpeciÞcation
, from the initial level intercept of steady-state income, β 0 , even after imposing (6).
for the various coefficients. For the structural coefficients linking the standard attributes to steady-state income, these bounds are chosen to create the smallest possible convex interval including both the three-standard-deviation interval around the OLS level coefficients reported in Column 1a and the two-standard-deviation interval around the structural parameters recovered from the OLS growth regression reported in Column 2b. Decade-speciÞc growth due to technological progress is constrained to lie between 0 and 4 percent per year.
And the coefficient capturing the transition from the speed of convergence when when poor to the speed of convergence when rich, κ, is constrained to lie between 1 and 5 (the same bounds shown in Figure 1 ). Where a lower or upper bound binds, reported coefficients include an "l" or "u" subscript.
The standard-speciÞcation NLS point estimate suggests that the speed of convergence increases from b λ p = 0.009 to b λ r = 0.040 with the transition constrained to its lower boundary, κ = 1 (i.e., the Þt would be improved by allowing an earlier and more rapid transition from λ p to λ r ). 13 The coefficients on life expectancy, secondary education, and the tropical latitude population are similar in magnitude to those from the structural parameters implied by the OLS growth estimate. Technological progress,
, is estimated at its upper bound value of 4 percent per year for the 1960s, at 2.6 percent per year for the 1970s, and at its lower bound value of 0 for the 1980s. Table 4 also reports asymptotic standard errors for the NLS point estimates; these should be viewed with considerable skepticism. Especially problematic is that both the transition parameter, κ, and the initial-period level intercept, β 0,t0 are not identiÞed under the null hypothesis that λ p = λ r . As a result, the NLS standard errors are consistent only under the alternative hypothesis, λ p 6 = λ r , and so are not appropriate for testing the null hypothesis of a constant convergence speed (Davies, 1977 (Davies, , 1987 Andrews, 1993; Hansen, 1996) . Even assuming a varying speed of convergence, the relatively small sample size suggests additional skepticism of the asymptotic-based standard error estimates. 14 So while the point estimate The Monte Carlo simulation implies that the NLS point estimate of an increasing convergence speed may derive either from an underlying data generating process which is indeed so or from a linear data generating process along with randomness. This low power against the null of a constant convergence speed is not surprising with the inclusion of life expectancy at birth and average secondary school education as right-hand-side variables, both of which may very plausibly depend on the current level of income. As discussed in the previous subsection, estimating steady-state income using an attribute which endogenously depends on the current level of income provides exactly the mechanism to make an increasing convergence speed DGP falsely appear to be a constant convergence speed DGP.
A different source of doubt about the increasing convergence speed NLS point estimate which can be rejected is that it derives from some idiosyncratic property of the estimation procedure itself. Because (5) is highly nonlinear with respect to its parameters, the point estimate might represent a single, narrow "peak" of a likelihood function which otherwise suggests a constant convergence speed. On the contrary, Figure 2 shows the likelihood surface estimated with the standard speciÞcation to be smooth over a broad range of λ p -λ r space.
In particular, the R 2 contours shown in Figure 2 Panel B deÞne a large swath of parameter space with likelihood above its OLS constant convergence speed level. (For a given set of observed growth rates, R 2 maps one-to-one with the likelihood function.) Moreover, this swath lies entirely in the region deÞning an increasing speed of convergence, λ p < λ r . Figure   2 Panel C, however, shows that as λ r increasingly exceeds λ p , the the rise in explanatory power is small. 
Exogenous SpeciÞcation
The exogenous speciÞcation estimates make a stronger case for an increasing speed of convergence. Table 5 ducing additional right-hand-side variables such as secondary education and life expectancy strengthens the negative partial correlation and causes the implied negative structural effect on steady state income by temperate weather to differ statistically from zero as well. Of course, such a structural interpretation is nonsense. A priori, if any attributes underlie the wealth of nations, surely temperate weather is among them. Higher agricultural productivity and an environment less hospitable to vector borne disease transmission are just two of the many possible reasons why this is so (Bloom and Sachs, 1998) . The positive partial correlation between current income and temperate weather in the level regression reaffirms such a view.
A more plausible interpretation of the negative partial correlation is that while temperate weather is positively correlated with high steady-state income, this positive correlation is smaller today than it was at some time in the past. Consistent with such an interpretation, Table 5 Column 3 shows that the coefficients on the exogenous controls from an OLS growth regression not conditioned on initial income are nearly identical to the coefficients from the conditional convergence regression. Nor is explanatory power of reduced much by excluding initial income; R 2 drops from 0.319 to 0.309. Using the terminology of Easterly, Kremer, Pritchett, and Summers (1993) , residents of areas lacking temperate weather have the good luck to be living there today rather than in the past. Table 5 Column 4 reports the nonlinear least square estimates of the structural coefÞcients in (5) using the exogenous speciÞcation set of controls. (The "wide constrained" column heading is meant to distinguish this regression for the one reported in Column 5; as discussed above, all of the NLS estimates of (5) impose constraints on feasible coefficients.)
The estimated speed of convergence increases from b λ p = 0.003 to b λ r = 0.269 with the transition constrained to its upper boundary, κ = 5 (i.e., the speed remains low until relatively high incomes where it increases rapidly as income approaches its steady state). The estimated change in convergence speed, (λ r − λ p ), is 26.6 percent which is nearly three times its asymptotic standard error. However, the presence of nuisance parameters not identiÞed under the null hypothesis, λ p = λ r , implies that we can not reject a constant speed of convergence. Instead, Monte Carlo simulations suggest that with a constant convergence speed data generating process equivalent to that estimated in Column 2a, the NLS estimtion of (5) using the exogenous controls will estimate (λ r − λ p ) ≥ 0.266 14.2 percent of the time.
The estimated annual rate of technological progress ranges from 2.1 percent to 2.6 percent for the 1950s through the 1970s falling to 0.2 percent for the 1980s.
Generalizing the cross-country growth speciÞcation to allow for a varying speed of convergence does not seem to improve the ability to recover underlying steady-state structure.
The coefficients on the exogenous controls reported in Column 4 are similar to the implied structural parameters reported in Column 2b from the conditional convergence growth regression. In particular, the negative coefficient on temperate weather remains. Examining
Þtted values for steady-state annual per capita income in 1990 emphasizes the failure of (5) to recover structure. Japan and Korea's steady-state annual per capita incomes are estimated at $9.7 million and $5.5 million, respectively. and the global maximum increasing convergence speed R 2 value of 0.354 ( " • " in Figure 3 Panel B).
The R 2 contours in Figure 3 Panel B delimit large swaths of λ p -λ r parameter space with likelihood above the OLS constant-convergence-speed level. By far the largest portion of this parameter space with likelihood above the OLS level is characterized by an increasing speed of convergence (it lies to the southeast of the ray λ p = λ r ). However there also exists a much smaller region with likelihood above the OLS level but characterized by a decreasing speed of convergence (to the northwest of the ray λ p = λ r ). In fact, while the constant-convergencespeed likelihood represents a local maximum along the ray λ p = λ r , it represents a local minimum along the orthogonal vector, λ p = −λ r . This local minimum property is intuitive since relaxing the constraint of a constant convergence speed introduces to (5) three extra parameters with which to Þt the observed growth rates.
Figure 3 Panel C shows the maximum R 2 attainable for any given difference in convergence speed, dλ = λ r − λ p . Explanatory power rises monotonically as this difference increases from zero attaining its highest value at dλ = 0.266 before declining slightly. Explanatory power also brießy rises as dλ decreases from zero before dropping sharply. The constant-convergence-speed local minimum again derives from the introduction of the three extra parameters and so in itself is not interesting. But the Þgure highlights that the rise in explanatory power with a decreasing speed of convergence is small both in magnitude and with respect to the parameter space it covers relative to the the rise in explanatory power that occurs with an increasing speed of convergence.
The negative coefficient on temperate weather in both the OLS and NLS growth speciÞcations exempliÞes the criticism that in the absence of a reasonably accurate proxy for unobserved steady-state income, testing for conditional convergence (whether constant or varying) imposes minimal behavior restrictions on observed growth rates. To address such a concern, (5) is reestimated imposing the constraint that the structural coefficients lie within two standard deviations of their "level" estimates in Table 5 Column 1. As reported in Table   5 Column 6, this "narrow constrained" exogenous speciÞcation again suggests an increasing speed of convergence with b λ p = 0.003 and b λ r = 0.045. Interestingly, at the NLS maximum likelihood estimate, the only constraints which bind are the lower bounds on the negative coefficients on tropical latitude and distance to major markets; in particular, the constraint on the estimated positive coefficient on temperate weather remains slack.
The narrow constrained exogenous likelihood surface shown in Figure 4 looks quite similar to its wide constrained counterpart in Figure 3 . By construction, the narrow constrained surface lies at a somewhat lower R 2 level; the main other difference is that explanatory power attains its maximum at a much lower estimated value of λ r . (Note that the horizontal scale used in the Figure 4 differs substantially from that used in Figure 3 .) But the exogenous narrow constrained surface remains smooth with a large swath of parameter space characterized by an increasing speed of convergence lying above the constant convergence speed level and with the constant-convergence-speed likelihood representing a local minimum.
Unconditional SpeciÞcation
The unconditional speciÞcation estimates reinforce the conclusion that the speed of convergence is increasing. The level regression reported in Table 6 Column 1a establishes that time dummies alone account for 60.6 percent of the variation in the level of per capita income across these OECD nations (almost identical to level explanatory power in the exogenous speciÞcation). The growth regression reported in Table 6 Column 2a establishes that time dummies together with initial income account for 62.9 percent of the variation in the growth rate of per capita income. Growth for these OECD nations is strongly characterized by unconditional convergence; the -0.025 coefficient on initial income is signiÞcant at the 0.001 level. Not including initial income and the growth regression results in a dramatic decrease in explanatory power; R 2 drops from 0.629 to 0.219 (Column 3). The NLS estimate of (5) gives b λ p = 0.006 and b λ r = 0.043. The relatively small sample size leads to a large asymptotic standard error relative to the estimated difference d λ r -λ p . The Monte Carlo simulation suggests a 0.275 p-value for rejecting a constant speed of convergence.
The unconditional likelihood surface shown in Figure 5 again remains smooth with a large swath of parameter space characterized by an increasing speed of convergence lying above the constant convergence speed level. As with the exogenous speciÞcations, the constant-convergence-speed likelihood represents a local minimum with respect to the difference dλ = λ r − λ p .
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Compared with the exogenous surfaces, the unconditional surface does differ in that 16 The decreasing convergence speed local maximum occurs at dλ = −0.024 (not shown) and represents a 0.004 rise in R 2 from its constant convergence speed level (versus a 0.021 rise in R 2 at the increasing convergence speed global maximum). And only 6 more have initial incomes less than 60 percent of their estimated steady state.
Moreover all 10 of these observations experienced rapid growth over the subsequent decade.
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In the heuristic argument above, it was exactly the relatively fast growth of countries with initial incomes between 50 percent and 60 percent of a proxy steady state that was meant to motivate the need for a λ r above a λ p which would apply to somewhat poorer countries. In the present case, the countries which are estimated to be poor relative to their steady state are simply absent.
A second problem with the unconditional speciÞcation is that the estimated decadespeciÞc common steady states seem too low. Steady-state real per capita annual income (in 1990 dollars) for the 22 OECD nations is estimated to be $4,024 in 1950; $5,653 in 1960; $8,433 in 1970; $10,925 in 1980; and $13,537 in 1990 Japan, 1950, 36%, 7.3%; Portugal, 1970, 39%, 4.1%; Portugal, 1980, 46%, 4.1%; Spain, 1950, 48%, 4.9%; Japan, 1960, 52%, 9.1%; Spain, 1960, 55%, 6.3%; Ireland, 1960, 59%, 4.2%; Ireland, 1970, 59%, 3 .1%. above the estimated steady state.
Posterior Odds: Increasing Versus Constant Convergence Speed
Each of three speciÞcations effects point estimates that the speed at which per capita output converges toward its steady-state level increases as economies develop. While the null hypothesis of a constant convergence speed cannot be rejected, no evidence is found to support such a null. In particular, the likelihood surfaces for each of the speciÞcations is smooth with respect to the coefficients parameterizing the speed of convergence. Large swathes of the parameter space characterized by an increasing convergence have a likelihood above the constant convergence speed level. And the Þnding of an increasing speed of convergence is robust to imposing behavioral constraints bounding the structural coefficients.
Accepting that there is nothing natural or focal about a constant speed of convergence, posterior odds nicely summarize the empirical evidence favoring an increasing speed of convergence. Such posterior odds are simply the ratio of the probability given the data that the change in convergence speed, λ r − λ p , is greater than some arbitrary cutoff relative to the probability given the data that the change is less than or equal to the same cuttoff.
Assuming the error term in (5) is normally distributed, the posterior odds can be calculated by integrating (rather than maximizing) the likelihood function over λ p ≥ 0 times λ r ≥ 0 (Kass and Raftery, 1995) . is maximized with respect to the remaining parameters (i.e. κ, et cetera).
18 Figure 6 Panel A shows the posterior odds for the standard and unconditional speciÞ-cations. Figure 6 Panel B does the same for the two exogenous speciÞcations. The various loci give the estimated odds that the change in convergence speed is greater than the corresponding cutoff along the horizontal axis.
Focusing Þrst on Panel A, the vertical intercepts for both the standard and unconditional speciÞcations place the odds that the speed of convergence is at least slightly increasing at greater than 40 to 1. Moving to the right along the horizontal axis, the odds steadily fall that the change in convergence speed exceeds the given cutoff. The standard and unconditional speciÞcation odds that convergence speed increases by more than two percent are 6.4 and 8.4, respectively. The corresponding odds that convergence speed increases by more than four percent are 0.78 and 1.06. A unitary odds implies equal probability that the change in convergence speed is above or below the associated cutoff. So the standard speciÞcation estimates that the probability that the change in convergence speed is less than four percent exceeds the probability that it is above four percent. The cutoffs associated with unitary odds are 3.7% (λ r − λ p = 0.037) for the standard speciÞcation and 4.0% (λ r − λ p = 0.040) for the unconditional speciÞcation.
The equal probability above and below a cutoff captured by a unitary posterior odds represents a very weak criterion by which to judge the behavior of the speed of convergence. Kass and Raftery (1995) suggest instead that 20 be used as the minimum odds which suggest 18 In addition, for computational reasons the likelihood function is constrained to a minimum value equal to the likelihood given zero convergence (i.e. the likelihood that the data is generated by decade-speciÞc technological progress and a residual term only).
strong evidence in favor of one hypothesis over another. 19 The standard speciÞcation yields odds of at least 20 for an increase in convergence speed up to 0.9%. The unconditional speciÞcation yields odds of at least 20 for an increase in convergence speed up to 1.1%.
Conversely, an odds less than 1/20 can be considered strong evidence that the increase in convergence speed is less than the associated cutoff. The standard speciÞcation yields odds below 1/20 for an increase in convergence speed of at least 10.9%. The unconditional speciÞcation yields odds below 1/20 for an increase in convergence speed of at least 7.7%.
So together the standard and unconditional speciÞcations strongly suggest that the speed of convergence is increasing with the change in convergence speed, λ r − λ p , probably falling somewhere between 0.9% and 10.9%.
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Focusing next on the wide and narrow constrained exogenous speciÞcations summarized in Figure 6 Panel B, the vertical intercepts place the respective odds of at least a slightly increasing speed of convergence at 63,000 to 1 and 20,000 to 1. The narrow constrained speciÞcation yields odds of at least 20 for an increase in convergence speed up to 2.5%; it yields even odds for an increase in convergence speed of 4.7%; and it yields odds below 1/20 for an increase in convergence speed above 8.5%. So the narrow constrained exogenous speciÞcation suggests that the speed of convergence is increasing with the change in speed probably falling somewhere between 2.5% and 8.5%.
The wide constrained speciÞcation suggests that the speed of convergence is increasing by an even greater amount. It yields odds of at least 20 for an increase in convergence speed up to 11.4% and yields even odds at 23%. 21 However, these high odds for a large increase in convergence speed are calculated based on convergence to estimated steady states which, as discussed above, are clearly implausible. Hence the results for the wide constrained exogenous speciÞcation are suspect.
Conclusions
The present paper has argued that the speed of convergence varies. Empirical evidence suggests that convergence speed increases as countries develop: from below 1 percent per year for economies with low relative outputs to above 4 percent per year (and possibly much higher) for economies with output approaching its steady state. The null hypothesis of a constant convergence speed cannot be rejected; but there is no theoretical basis for making a constant convergence speed focal in the Þrst place.
With a varying speed of convergence, a level structural interpretation of coefficients on conditioning attributes in cross-sectional growth regressions breaks down; the partial correlations between growth and the conditioning attributes may differ in sign from the partial correlations between steady-state income and the conditioning attributes. Within a neoclassical framework, understanding the determinants of steady-state income clearly stands out as the more important relationship. Even though growth regressions cannot identify these underlying determinants, nevertheless they can contribute to the effort to do so. In particular, regressing per capita income growth on a set of exogenous attributes while excluding initial income can show how structural relationships have changed across time.
Equally important, an increasing speed of convergence presents a new benchmark against which to calibrate neoclassical growth models. Given the tendency of the Ramsey-CassKoopmans model to effect a sharply decreasing speed of convergence, the results herein would seem to make futile what is already a difficult challenge. But on the contrary, it
21 Calculating the increase in convergence speed at which the wide constrained exogenous speciÞcation yields odds below 1/20 would require expanding the λ r search space above 0.32. As illustrated in Figure   3 Panel B, there should be a large swathe of area with λ r > 0.32 and likelihood above the OLS constant convergence speed level. Expanding the search space would also increase the cutoffs associated with the 20 to 1 and even odds.
turns out that adopting an adjustment cost structure which effects an increasing speed of convergence allows the Ramsey-Cass-Koopmans model to match the development paths of other real world observables including real interest rates, savings rates, and shadow values of capital (Rappaport, 2000b) . That allowing for an increasing speed of convergence proves the key to successfully calibrating this core macroeconomic model might be considered further evidence that the speed of convergence is indeed so.
Appendices
A Convergence with More than One State Variable: Some Algebra Two key characteristics of the dynamic model are, Þrst, that its steady-state is not uniquely determined but rather depends on history; and second, that the speed of convergence -the rate at which income and population approach their steady-state levels normalized by their distances from their respective steady-state levels -varies greatly, even in a neighborhood quite close to the steady-state. It turns out that both properties, history dependence and a varying speed of convergence, are generic with multiple state (i.e. "non-jumping") variables. The "proof" lies mainly in pointing out the necessity of an N-dimensional surface to span an N-dimensional space. That is, to assure that some steady state can be reached from any feasible starting-value combination of state variables, the dimensionality of possibly multiple steady states plus the dimensionality of the transition surface to each of these must sum to the number of state variables.
A steady state with dimensionality one or more is equivalent to history dependence. Such history dependence is more common than is often believed. Barro (1979) shows there is no one optimal level of government debt; rather, a country's optimal debt depends on its speciÞc history of shocks (i.e. wars, famines, baby booms, natural resource Þnds, etc.). In two sector endogenous growth models (Mulligan and Sala-i-Martin, 1993; Caballe and Santos, 1993) , the ratio but not the level of human to physical capital is determinate (the level however is less interesting within an endogenous growth framework).
The linearization of a transition path with two or more dimensions will always show an increasing speed of convergence: near the steady-state the negative eigenvalue lowest in absolute value will dominate; as one moves away from the steady-state, the negative eigenvalue highest in absolute value will dominate. The algebra showing this follows immediately below. That the asymptotic speed of convergence is given by the negative eigenvalue lowest in absolute value is also pointed out by Eichner and Turnovsky (1999) . The actual transition path (rather than its linearized approximation) may show an increasing, constant, or decreasing speed of convergence. A constant speed of convergence, however, would be a razor thin result.
Some deÞnitions:
Suppose a system of differential equations deÞned in terms of the logarithms of the vector of variables, z:
Take a Taylor expansion around the system's steady-state:
Let |λ f | > |λ s | represent two negative eignevalues of J with corresponding eigenvectors v f and v s , and arbitrary weighting scalars, a f and a s ("f" is meant to connote "fast" and "s", "slow").
Then the solution to (A.2b) can be written as,
Take the derivative of (A.4) with respect to t,
The canonical underlying structural form for growth regressions is,
For the vector analog to this we want,
Substituting using (A.4) and (A.5) gives,
It is immediately evident that unless either a f or a s equal zero, λ will differ in its elements and vary with time. I now formally deÞne λ(t) as,
The log linearization therefore approximates the speed of convergence as,
Normalize the eigenvectors so that the Þrst element of each equals one. Then the speed of convergence corresponding to this Þrst element is given by,
So except in the special case when a f or a s equal zero, the linearization implies the speed of convergence for this representative Þrst element will go from a f to a s as time goes from negative to positive inÞnity. If a f and a s are oppositely signed, it will also asymptote to positive and negative inÞnity at some intermediate time. l parameter constrained to lower bound; u parameter constrained to upper bound. Columns 1a and 1b report estimates of the equation y = xβ + ε where y is the log of per capita income. Columns 2a, 2b, 4, and 5 report OLS and NLS estimates of the equation dy/dt = -[(λ r -λ p )exp(-κ|y-y*|) +λ p ]⋅(y-y*) + dy*/dt + ε where y*, which is estimated by xβ, is the log of steady-state income. For OLS estimate, λ p = λ r implicitly and κ is not identified. NLS estimates are by modified grid search; in Column 5, coefficients on non-dummy variables are constrained to lie within two standard deviations of the level estimates in Column 1a. Column 3 reports estimate of the equation dy/dt = xδ + dy*/dt + ε. Standard errors in parentheses allow for country random effects; standard errors of implied structural parameters are constructed by the "delta" method; standard errors for NLS estimates hold asymptotically for λ p ≠ λ r . excluding Greece and Turkey. Columns 1a and 1b report estimates of the equation y = xβ + ε where y is the log of per capita income. Columns 2a, 2b, and 4 report OLS and NLS estimates of the equation dy/dt = -[(λ r -λ p )exp(-κ|y-y*|) +λ p ]⋅(y-y*) + dy*/dt + ε where y*, which is estimated by xβ, is the log of steady-state income. For OLS estimate, λ r = λ p implicitly and κ is not identified. NLS estimates are by modified grid search. Column 3 reports estimate of the equation dy/dt = xδ + dy*/dt + ε. Standard errors in parentheses allow for country random effects; standard errors of implied structural parameters are constructed by the "delta" method; standard errors for NLS estimates hold asymptotically for λ p ≠ λ r . 
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